The intestinal epithelium constitutes an indispensable single-layered barrier to protect the body from invading pathogens, antigens or toxins. At the same time, beneficial nutrients and water have to be absorbed by the epithelium. To prevent development of intestinal inflammation or tumour formation, intestinal homeostasis has to be tightly controlled and therefore a strict balance between cell death and proliferation has to be maintained. The proinflammatory cytokine tumour necrosis factor alpha (TNFα) was shown to play a striking role for the regulation of this balance in the gut. Depending on the cellular conditions, on the one hand TNFα is able to mediate cell survival by activating NFκB signalling. On the other hand, TNFα might trigger cell death, in particular caspase-dependent apoptosis but also caspase-independent programmed necrosis. By regulating these cell death and survival mechanisms, TNFα exerts a variety of beneficial functions in the intestine. However, TNFα signalling is also supposed to play a critical role for the pathogenesis of inflammatory bowel disease (IBD), infectious diseases, intestinal wound healing and tumour formation. Here we review the literature about the physiological and pathophysiological role of TNFα signalling for the maintenance of intestinal homeostasis and the benefits and difficulties of anti-TNFα treatment during IBD.
Introduction
The Tumour Necrosis Factor (TNF) Superfamily is composed of 19 ligands and 29 receptors [1, 2] . The transmembrane ligand proteins belonging to this family are all characterized by a conserved C-terminal domain, the so called TNF homology domain. In addition, the tumour necrosis factor receptors (TNFR) belonging to this family, share cysteine-rich extracellular domains, which bind to the TNF homology domains of the TNF ligands [3] . In general, TNF-and TNFR-mediated signalling pathways are involved in the regulation of cell survival, proliferation, morphogenetic changes and cell death [2] . Members of the Tumour Necrosis Factor Superfamily are expressed by many different cell types in the human body, for example, immune cells, hematopoietic cells, epithelial and endothelial cells under physiologic but also under pathologic conditions [2, 4] . The name-giving term "Tumour Necrosis Factor" was first introduced by Carswell and colleagues in 1975 and named a factor which could induce necrosis in tumour cells [5] . Later, in the 1980s, two different types of TNF proteins were identified, which were called TNFα and TNFβ. These two TNF proteins showed more than 50% of sequence homology, however they differed in their molecular mass, were produced by different cell types and recognized by different antibodies [6] [7] [8] [9] [10] .
The TNFα protein is produced by many different cell types in the human body, however the main producers are the cells from the monocytic lineage, for example, macrophages [11] . TNFα plays a
TNFα Is One of the Most Important Regulators of Cell Death and Survival
On a cellular level, one of the main functions of TNFα is the regulation of cell survival, which can be mediated by TNFR1 (Figure 1 ) [26] . TNFR1 is characterized by an intracellular C-terminal death domain, which is needed to deliver signals from the outer to the inner site of the cell [27] . As a first step in the TNFα-induced signalling cascade to mediate cell survival, binding of TNFα to TNFR1 leads to receptor trimerization [28] , setting the base for the formation of a multimeric TNFR1 complex 1. Ligand binding and receptor trimerization are subsequently followed by association of the TRADD (TNFR-associated death domain) adapter protein with the cytoplasmic TNFR death domains [29] . Upon binding to TNFR1, TRADD further recruits other proteins to the TNFR1 complex: TRAF2 and polyubiquitinylated RIP1 [30] [31] [32] . TRAF2 in turn binds to cIAP1/2, which belong to the inhibitors of apoptosis proteins [33, 34] and which are both stabilized in this TNF receptor complex by RIP1 [35] . This multimeric TNFR1 complex 1 mediates cell survival by activating the NFκB-inducing Kinase (NIK) leading to activation of the IκB kinase complex (IKK) [30, 36, 37] . The IKK complex subsequently phosphorylates the NFκB inhibitor IκB, leading to proteasomal degradation and unmasking of the nuclear localization signal of NFκB family proteins. This cascade finally enables the translocation of NFκB proteins to the nucleus to activate target gene expression of several genes, for example, A1/Bfl1, Bcl-X L , cIAP or xIAP, which exert antiapoptotic functions [38] [39] [40] . This signalling cascade altogether leads to activation of the NFκB signalling pathway to mediate cell survival. Interestingly the Tnfa promotor itself contains an NFκB binding site, leading to a positive autoregulation of its own gene expression [41] . Besides NFκB, TNFR 1 complex 1 activates different MAPK cascades including ERK, P38 MAP Kinase and JNK [42] .
In addition to mediating cell survival and proliferation, TNFα is also described to be an important regulator of cell death ( Figure 1 ). Depending on the cellular context, especially during stress conditions like inflammation or infection or lack of growth factors, cells are supposed to undergo a programmed cell death cascade, which finally culminates into caspase-dependent apoptosis. Under these apoptosis inducing conditions, an alternative complex, TNFR1 complex 2 can be formed. Binding of TNFα to TNFR1 under these conditions induces the dissociation of the intracellular TNFR1 death domains from the cellular membrane, followed by recruitment of additional proteins to this intracellular complex. Besides TNFR1, this complex 2 consists of TRADD, FADD [32] and further recruits caspase-8, as well as previously deubiquitinylated RIP1 [43] . In this complex, caspase-8 gets fully activated [44] , Figure 1 . Regulation of cell death and survival by tumour necrosis factor alpha (TNFα). Binding of TNFα to TNFR1 leads to receptor trimerization and formation of receptor complex 1. This complex consists of TRADD, TRAF2, polyubiquitinylated RIP1 and cIAP and mediates cell survival via activation of NFκB. TNFA gene expression itself is regulated by NFκB. Depending on the cellular context, TNFα binding to TNFR1 can lead to formation of receptor complex 2, consisting of TRADD, FADD, deubiquitinylated RIP1 and Caspase-8. Activated caspase-8 cleaves RIP1 and further initiates a downstream caspase cascade to trigger apoptotic cell death, which is regarded as a noninflammatory type of cell death. If caspase-8 activity is blocked, RIP1 cannot be cleaved anymore, leading to heterodimerization with RIP3 and autophosphorylation. Subsequently, RIP3 phosphorylates and activates MLKL, which oligomerizes, translocates to the cell membrane and initiates pore formation to induce necroptosis, which is described as a rather inflammatory type of cell death. In addition, depending on the cellular conditions binding of TNFα to TNFR2 can induce NFκB signalling or apoptosis, either independently or dependent on TNFR1 signalling via receptor crosstalk.
A Critical Role of TNFα for the Maintenance of Intestinal Homeostasis
The gastrointestinal tract is the biggest surface of the body with close contact to environmental factors. The intestine is lined with a single epithelial cell layer which separates the underlying tissue from the luminal contents. The intestinal lumen contains the microflora, consisting of fungi, viruses and bacteria, as well as nutrients, water and environmental toxins. The intestinal epithelial cell layer is characterized by an enormous self-renewing capacity (every 4-5 days), underlined by a tremendous turnover rate of the epithelial cells. In order to maintain the epithelial barrier, intestinal stem cells at the crypt bottom divide asymmetrically and give rise to new stem cells, as well as new daughter cells, which differentiate towards cells of the secretory and absorptive lineage along the crypt-villus axis. Regulation of cell death and survival by tumour necrosis factor alpha (TNFα). Binding of TNFα to TNFR1 leads to receptor trimerization and formation of receptor complex 1. This complex consists of TRADD, TRAF2, polyubiquitinylated RIP1 and cIAP and mediates cell survival via activation of NFκB. TNFA gene expression itself is regulated by NFκB. Depending on the cellular context, TNFα binding to TNFR1 can lead to formation of receptor complex 2, consisting of TRADD, FADD, deubiquitinylated RIP1 and Caspase-8. Activated caspase-8 cleaves RIP1 and further initiates a downstream caspase cascade to trigger apoptotic cell death, which is regarded as a non-inflammatory type of cell death. If caspase-8 activity is blocked, RIP1 cannot be cleaved anymore, leading to heterodimerization with RIP3 and autophosphorylation. Subsequently, RIP3 phosphorylates and activates MLKL, which oligomerizes, translocates to the cell membrane and initiates pore formation to induce necroptosis, which is described as a rather inflammatory type of cell death. In addition, depending on the cellular conditions binding of TNFα to TNFR2 can induce NFκB signalling or apoptosis, either independently or dependent on TNFR1 signalling via receptor crosstalk.
Interestingly, in 1988, Laster and colleagues observed that stimulation of certain cell types with TNFα does not only induce apoptotic cell death but also necrotic cell death, which is characterized by the lack of nuclear disintegration, the formation of a balloon-like plasma membrane and finally cell lysis [51] . Subsequent studies have shown that this kind of cell death usually occurs if the caspase-8 activity is blocked by genetic deletion or pharmacological inhibition [52] [53] [54] [55] [56] [57] [58] . Under these conditions, when caspase-8 activity is missing, TNFα binding to TNFR1 can induce another type of cell death, which in contrast to apoptosis occurs caspase-independently. Without Caspase-8 activity, RIP1 cannot be cleaved anymore, leading to the recruitment of another RIP kinase (RIP3) to the intracellular TNFR1 complex 2. Under these conditions the RIP kinases 1 and 3 form heterodimers, subsequently followed by rapid auto-phosphorylation and auto-activation of the latter [59] . Once RIP3 kinase is activated it phosphorylates and activates MLKL (Mixed lineage kinase domain like pseudokinase). To finally mediate TNFα-induced caspase-independent cell death, activated MLKL oligomerizes and translocates to the plasma membrane. There the MLKL oligomers are integrated into the phospholipid-bilayer and generate pores culminating in cell lysis [49, 60, 61] . This kind of cell death is termed classical necroptosis [62] . Necroptosis has recently gained a lot of interest and has been linked to the pathophysiology of several diseases including Inflammatory Bowel Disease (IBD) [63, 64] , however the precise mechanisms how necroptosis is regulated and executed in vivo remain to be fully elucidated. Of note, beside this classical RIP3-dependent necroptosis, another type of RIP3-independent programmed necrosis has been described in 2016 by our group [65] .
Besides TNFR1-mediated regulation of cell death and survival, TNFα can also signal via TNFR2. This receptor, in contrast to TNFR1, does not contain any intracellular death receptor domain. However, under certain conditions, binding of TNFα to TNFR2 was also shown to induce NFκB signalling, which in this case is mediated by recruitment of TRAF2 and subsequently TRAF1, as well as cIAP1 and 2 to TNFR2 [66] [67] [68] [69] . Moreover, also TNFR2-mediated activation of JNK has been described [70] . Of note, beside TNFR1 and TNFR2 signalling alone, under certain conditions also a crosstalk between these two TNF receptors has been revealed. In this crosstalk, TNFR2 was shown to induce degradation of TRAD2, leading to decreased NFκB activation and therefore an increased TNFR1-mediated cytotoxicity [71] [72] [73] [74] . However, besides cell death regulation via crosstalk of the two TNF receptors, TNFR2 was additionally shown to mediate apoptotic death independently of TNFR1, suggesting that TNFR2 alone might also mediate both cell survival and cell death in a different way as compared to TNFR1 [75, 76] .
In summary, these studies underline that TNFα is a powerful pleiotropic cytokine which is able to regulate NFκB-mediated cell survival but also caspase-dependent and independent cell death via two different receptors and various pathways and protein complexes.
The gastrointestinal tract is the biggest surface of the body with close contact to environmental factors. The intestine is lined with a single epithelial cell layer which separates the underlying tissue from the luminal contents. The intestinal lumen contains the microflora, consisting of fungi, viruses and bacteria, as well as nutrients, water and environmental toxins. The intestinal epithelial cell layer is characterized by an enormous self-renewing capacity (every 4-5 days), underlined by a tremendous turnover rate of the epithelial cells. In order to maintain the epithelial barrier, intestinal stem cells at the crypt bottom divide asymmetrically and give rise to new stem cells, as well as new daughter cells, which differentiate towards cells of the secretory and absorptive lineage along the crypt-villus axis. At the villus tips in the small intestine, differentiated epithelial cells are shed in the intestinal lumen. Only the secretory Paneth cells escape this migration towards the villus tip. Interestingly, they fully differentiate, remain at the crypts of Lieberkühn and survive for more than 3 weeks [77] . A strict balance between cellular proliferation at the crypt base and cell death at the villus tip must be preserved and is indispensable for maintaining intestinal homeostasis. Uncontrolled proliferation might culminate into tumour development, whereas increased cell death might lead to disintegration of the epithelial barrier followed by infiltration of bacteria and development of intestinal inflammation, like Crohn's disease (CD) and ulcerative colitis (UC), which are the two main forms of IBD [78] .
TNFα is mainly described as a proinflammatory cytokine which plays a critical role for maintaining the intestinal integrity but conversely also for the pathogenesis of intestinal inflammation. In the gut, beside immune cells, also intestinal epithelial cells, namely Paneth cells, have been shown to produce TNFα constitutively in mice as well as during inflammation in patients suffering from chronic inflammation [79, 80] . Moreover, patients suffering from chronic intestinal inflammation show elevated levels of TNFα due to elevated numbers of TNFα secreting cells in the intestinal tissue [81] [82] [83] [84] . In accordance, mice with a chronic overproduction of TNFα (TNF deltaARE mice) are characterized by spontaneous development of Crohn's like inflammation in the small intestine [85] . Additionally, a variety of murine models of intestinal inflammation, for example, induction of DSS (Dextran Sulphate Sodium)-and TNBS (2,4,6-trinitrobenzenesulfonic acid)-mediated colitis or genetic models of spontaneous inflammation, such as in the IL10 -/-or Casp8 ∆IEC mouse models, are characterized by increased TNFα levels in the intestinal mucosa [52, [86] [87] [88] [89] [90] . Moreover, in our own studies we observed increased Tnfa expression in the gut in a mouse model of chronic intestinal inflammation mediated by a single viral protein [91] . Interestingly, mice which are lacking the Tnfa gene were no longer susceptible to acute or chronic TNBS-induced colitis [88, 89] whereas mice overexpressing Tnfa were more susceptible to chronic TNBS-induced colitis [88] , suggesting a rather harmful function of TNFα signalling during TNBS-induced colitis. In contrast, reduced TNFα levels in mice mediated by anti-TNFα antibody treatment or genetic Tnfa knockout, aggravated DSS-induced colitis in acute models [89, 92, 93] . Conversely, during chronic DSS-induced colitis, anti-TNFα antibody treatment of mice reduced intestinal inflammation [92] , implicating a beneficial effect of TNFα signalling during acute colitis but a rather harmful function during chronic colitis induced by DSS. In contrast to the two other models of experimentally induced colitis by DSS or TNBS, during oxazalone-induced colitis, Tnfa gene expression was not increased in colon samples as compared to controls. However, therapeutic administration of TNFα reduced colitis and histopathology [89] . These studies altogether implicate that TNFα might exert both beneficial as well as harmful functions in the gut depending on the inflammatory context. It is highly interesting that in the models of acute and chronic DSS-induced colitis, TNFα exerts different functions, despite the fact that the same chemical agent to induce inflammation in both models was used. One might speculate that during the acute DSS-induced colitis model, which mainly focuses on the effects of acute epithelial barrier disruption and innate immune reactions [94] , TNFα might help to reduce intestinal barrier permeability and inflammation. In the model of chronic DSS-induced colitis, which particularly aims at investigating effects of a long-term inflammation and adaptive immune responses and which represents different stages of disease, including acute flares, wound healing and resolution [94] , TNFα might rather act destructively in regard to inflammation and barrier integrity and therefore anti-TNFα treatment in this disease model might be beneficial.
Under steady state conditions, during renewal of the intestinal epithelium, epithelial cells are shed into the lumen at the villus tip. Historically, intestinal cell shedding was considered to be a rather passive effect, where aged epithelial cells simply fall off the villus tip [95, 96] . However, a variety of recent studies could show, that this process of epithelial shedding is highly regulated by tight junction protein complexes which rapidly close the gaps between enterocytes during physiologic shedding to preserve the intestinal barrier integrity [97] [98] [99] . Interestingly, elevated TNFα levels were shown to drive massive epithelial cell shedding ( Figure 2 ) at the villus tip and to alter tight junction biology and intestinal permeability in vivo and in vitro [100] [101] [102] [103] [104] . Deregulated epithelial cell shedding and altered tight junction biology are features which are also seen in patients suffering from IBD [105] [106] [107] . However, whether the TNFα induced decrease in epithelial permeability is either mediated by TNFα-induced apoptosis or by deregulation of the tight junction biology is still a matter of debate [102, [108] [109] [110] . Interestingly, mice lacking the apoptosis executioner caspase-3 do not show any morphological changes of the gut structure and colon length in comparison to controls [111] , suggesting that epithelial turnover in the gut and cell shedding at least under steady state conditions are not mediated by caspase-3-triggered apoptosis. Of note, mice, which lacked functional NFκB signalling in IECs, were characterized by severe intestinal inflammation, accompanied by increased TNFα levels, massive amounts of dying apoptotic cells as well as infiltrating bacteria in the bowel wall. This phenotype was mediated by TNFR1-signaling [112] , showing that increased TNFα levels might induce or contribute to barrier defects due to increased apoptosis, which constitute an entry point for invading harmful bacteria into the gut tissue to trigger or perpetuate intestinal inflammation. Taken together, these studies show that TNFα might play an important role for the regulation of apoptotic cell death and shedding in the intestine and a tight regulation of TNFα is important to maintain the epithelial barrier integrity.
comparison to controls [111] , suggesting that epithelial turnover in the gut and cell shedding at least under steady state conditions are not mediated by caspase-3-triggered apoptosis. Of note, mice, which lacked functional NFκB signalling in IECs, were characterized by severe intestinal inflammation, accompanied by increased TNFα levels, massive amounts of dying apoptotic cells as well as infiltrating bacteria in the bowel wall. This phenotype was mediated by TNFR1-signaling [112] , showing that increased TNFα levels might induce or contribute to barrier defects due to increased apoptosis, which constitute an entry point for invading harmful bacteria into the gut tissue to trigger or perpetuate intestinal inflammation. Taken together, these studies show that TNFα might play an important role for the regulation of apoptotic cell death and shedding in the intestine and a tight regulation of TNFα is important to maintain the epithelial barrier integrity. Interestingly, in the gut it was shown that besides apoptosis, TNFα is also able to trigger caspaseindependent necroptosis. Mice lacking caspase-8 in IECs (Casp8 ΔIEC ) were characterized by spontaneous development of ileitis accompanied by necroptotic RIP-dependent epithelial cell death and increased Tnfa gene expression, features which are also seen in patients suffering from Crohn's disease. This spontaneous phenotype was dramatically worsened after additional TNFα administration in this model [52] . These results implicate that TNFα-induced necrotic cell death might contribute to the development of intestinal inflammation. However TNFα signalling alone was not sufficient to induce the spontaneous phenotype in Casp8 ΔIEC mice, which was shown by the fact that additional deletion of TNFR1 in this model did not protect the animals from spontaneous inflammation and cell death [113] . Moreover, mice lacking FADD, an important adapter protein for TNFα-induced apoptotic cell death, in IECs, were also characterized by spontaneous development of inflammation in small and large intestine, accompanied by necroptotic epithelial cell death. Additional Tnf knockout could ameliorate but not completely abolish intestinal pathology in the colon, again suggesting that TNFα might contribute to development of intestinal inflammation. However, being in line with the study mentioned above, TNFα was not the main driver of inflammation and epithelial cell death in the small intestine [114] , suggesting that cell death regulation in the small and large intestine differ. Taken together, these studies highlight that under pathogenic conditions like IBD, among other pathways, TNFα signalling might contribute to the Interestingly, in the gut it was shown that besides apoptosis, TNFα is also able to trigger caspase-independent necroptosis. Mice lacking caspase-8 in IECs (Casp8 ∆IEC ) were characterized by spontaneous development of ileitis accompanied by necroptotic RIP-dependent epithelial cell death and increased Tnfa gene expression, features which are also seen in patients suffering from Crohn's disease. This spontaneous phenotype was dramatically worsened after additional TNFα administration in this model [52] . These results implicate that TNFα-induced necrotic cell death might contribute to the development of intestinal inflammation. However TNFα signalling alone was not sufficient to induce the spontaneous phenotype in Casp8 ∆IEC mice, which was shown by the fact that additional deletion of TNFR1 in this model did not protect the animals from spontaneous inflammation and cell death [113] . Moreover, mice lacking FADD, an important adapter protein for TNFα-induced apoptotic cell death, in IECs, were also characterized by spontaneous development of inflammation in small and large intestine, accompanied by necroptotic epithelial cell death. Additional Tnf knockout could ameliorate but not completely abolish intestinal pathology in the colon, again suggesting that TNFα might contribute to development of intestinal inflammation. However, being in line with the study mentioned above, TNFα was not the main driver of inflammation and epithelial cell death in the small intestine [114] , suggesting that cell death regulation in the small and large intestine differ. Taken together, these studies highlight that under pathogenic conditions like IBD, among other pathways, TNFα signalling might contribute to the development of intestinal inflammation, not only via induction of apoptosis but also necroptosis which is accompanied by development of inflammation.
Beside epithelial cell shedding and cell death regulation, TNFα-mediated signalling also plays an important role for maintenance of the colonic epithelial barrier and wound healing. After disruption of the intestinal surface epithelium, during epithelial restitution, epithelial cells next to the injury form pseudopodia-like structures, migrate to the wound edge and cover the destroyed area. Afterwards, epithelial stem cells at the crypt base proliferate to compensate for cells lost during injury. To rebuild a functional cell layer at the injured site of the epithelium, these newly generated cells finally maturate and differentiate into the different cell types of the epithelium [115] . In an in vitro model of wound closure low amounts of TNFα promoted wound closure, whereas a higher dose failed to do so. Of note, TNFα-driven wound closure was mediated by TNFR2 in this model [116] . These observations are in line with a previous study, showing increased IEC proliferation due to low TNFα doses and reduced proliferation at higher doses [117] . A recent study moreover suggested an important role of epithelial TNFR signalling for mucosal repair in vivo during chronic colitis. In this setting, TNFα signalling promotes cell proliferation and wound repair via activation of epithelial Wnt/β-Catenin signalling, which is an important pathway to maintain the intestinal crypt-villus architecture [118] [119] [120] . Interestingly in IBD patients, as well as in the colon epithelium of mice exposed to DSS or injected with TNFα, growth factor receptor ErbB4 levels were increased. In an in vitro assay, decrease of ErbB4 levels diminished wound healing [121] . Therefore it was proposed that in the inflamed colonic epithelium, TNFα induced activation of ErbB4 promotes epithelial cell survival, wound healing and protects from ulceration during IBD [122] . Collectively these studies demonstrate that TNFα signalling plays an important role to promote epithelial cell migration and mucosal repair during intestinal inflammation (Figure 3 ).
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Beside epithelial cell shedding and cell death regulation, TNFα-mediated signalling also plays an important role for maintenance of the colonic epithelial barrier and wound healing. After disruption of the intestinal surface epithelium, during epithelial restitution, epithelial cells next to the injury form pseudopodia-like structures, migrate to the wound edge and cover the destroyed area. Afterwards, epithelial stem cells at the crypt base proliferate to compensate for cells lost during injury. To rebuild a functional cell layer at the injured site of the epithelium, these newly generated cells finally maturate and differentiate into the different cell types of the epithelium [115] . In an in vitro model of wound closure low amounts of TNFα promoted wound closure, whereas a higher dose failed to do so. Of note, TNFα-driven wound closure was mediated by TNFR2 in this model [116] . These observations are in line with a previous study, showing increased IEC proliferation due to low TNFα doses and reduced proliferation at higher doses [117] . A recent study moreover suggested an important role of epithelial TNFR signalling for mucosal repair in vivo during chronic colitis. In this setting, TNFα signalling promotes cell proliferation and wound repair via activation of epithelial Wnt/β-Catenin signalling, which is an important pathway to maintain the intestinal cryptvillus architecture [118] [119] [120] . Interestingly in IBD patients, as well as in the colon epithelium of mice exposed to DSS or injected with TNFα, growth factor receptor ErbB4 levels were increased. In an in vitro assay, decrease of ErbB4 levels diminished wound healing [121] . Therefore it was proposed that in the inflamed colonic epithelium, TNFα induced activation of ErbB4 promotes epithelial cell survival, wound healing and protects from ulceration during IBD [122] . Collectively these studies demonstrate that TNFα signalling plays an important role to promote epithelial cell migration and mucosal repair during intestinal inflammation (Figure 3 ). Interestingly, TNFα has initially been described as a factor released by host cells to induce tumour necrosis [5] , therefore a role for TNFα to regulate tumour development and growth was implicated. As mentioned above, in vitro TNFα was shown to induce IEC proliferation at low doses, whereas at higher doses IEC proliferation was inhibited, implicating that high TNFα doses rather counteract proliferative effects [117] . However interestingly, in a colonoscopy-based cross-sectional study, circulating levels of TNFα were positively correlated with the occurrence of colorectal adenomas [123] . Moreover, significantly increased TNFα serum levels were observed in colorectal Interestingly, TNFα has initially been described as a factor released by host cells to induce tumour necrosis [5] , therefore a role for TNFα to regulate tumour development and growth was implicated. As mentioned above, in vitro TNFα was shown to induce IEC proliferation at low doses, whereas at higher doses IEC proliferation was inhibited, implicating that high TNFα doses rather counteract proliferative effects [117] . However interestingly, in a colonoscopy-based cross-sectional study, circulating levels of TNFα were positively correlated with the occurrence of colorectal adenomas [123] . Moreover, significantly increased TNFα serum levels were observed in colorectal cancer (CRC) patients, with the highest levels in stage 4 CRC. TNFA gene expression was significantly higher in CRC as compared to adjacent normal colorectal tissues [124] . Additionally, patients with low TNFα serum levels were characterized by a higher survival rate as compared to patients with high TNFα serum levels [125] . Interestingly, another clinical study revealed that increased plasma levels of soluble TNFR2 are associated with an increased risk of CRC [126] . Beside these human studies, in a murine study a role for TNFα signalling during colitis-associated tumour development was suggested, since elevated levels of TNFα were found during colon carcinogenesis induced by AOM/DSS. Interestingly, mice lacking TNFR1 in this model developed less inflammation and fewer adenocarcinomatous lesions [127] . Taken together, despite its discovery as a tumour necrosis factor, elevated TNFα signalling might exert rather harmful functions during the development of CRC and colitis-associated CRC (Figure 4 ).
cancer (CRC) patients, with the highest levels in stage 4 CRC. TNFA gene expression was significantly higher in CRC as compared to adjacent normal colorectal tissues [124] . Additionally, patients with low TNFα serum levels were characterized by a higher survival rate as compared to patients with high TNFα serum levels [125] . Interestingly, another clinical study revealed that increased plasma levels of soluble TNFR2 are associated with an increased risk of CRC [126] . Beside these human studies, in a murine study a role for TNFα signalling during colitis-associated tumour development was suggested, since elevated levels of TNFα were found during colon carcinogenesis induced by AOM/DSS. Interestingly, mice lacking TNFR1 in this model developed less inflammation and fewer adenocarcinomatous lesions [127] . Taken together, despite its discovery as a tumour necrosis factor, elevated TNFα signalling might exert rather harmful functions during the development of CRC and colitis-associated CRC (Figure 4) . In summary, these studies show, that a critical regulation of TNFα levels seems to be a key player to maintain intestinal homeostasis. Under different conditions, TNFα might exert various beneficial but also harmful functions, again underlining its pleiotropic role for gut homeostasis.
Role of TNFα During Gastrointestinal Infection
Interestingly in a recent study it was shown, that TNFα-driven intestinal inflammation in TNF deltaARE mice is fully dependent on the microbiota, since in germfree TNF deltaARE mice intestinal inflammation was completely absent. These data implicate an association between TNFα signalling, inflammation and the microbial composition [128] . In general increased TNFα levels are induced during inflammation or infection possibly perpetuating intestinal inflammation [11] . Mechanistically, in a murine model it was shown, that the bacterial cell wall compound Lipopolysaccharide (LPS) induced massive cell shedding, subsequently followed by villus shortening and diarrhoea. Of note, LPS-induced pathological shedding was strictly dependent on TNFR1 [110, 129] . Furthermore in this model, LPS administration induced production of TNFα in intestinal immune cells, which in turn acts on epithelial cells, rather than directly activating TLR4-signaling in the epithelium ( Figure 5 ) [129] . Altogether, these studies suggest, that during bacterial infection, increased TNFα signalling might exert rather harmful functions in intestinal epithelial cells. In summary, these studies show, that a critical regulation of TNFα levels seems to be a key player to maintain intestinal homeostasis. Under different conditions, TNFα might exert various beneficial but also harmful functions, again underlining its pleiotropic role for gut homeostasis.
Role of TNFα during Gastrointestinal Infection
Interestingly in a recent study it was shown, that TNFα-driven intestinal inflammation in TNF deltaARE mice is fully dependent on the microbiota, since in germfree TNF deltaARE mice intestinal inflammation was completely absent. These data implicate an association between TNFα signalling, inflammation and the microbial composition [128] . In general increased TNFα levels are induced during inflammation or infection possibly perpetuating intestinal inflammation [11] . Mechanistically, in a murine model it was shown, that the bacterial cell wall compound Lipopolysaccharide (LPS) induced massive cell shedding, subsequently followed by villus shortening and diarrhoea. Of note, LPS-induced pathological shedding was strictly dependent on TNFR1 [110, 129] . Furthermore in this model, LPS administration induced production of TNFα in intestinal immune cells, which in turn acts on epithelial cells, rather than directly activating TLR4-signaling in the epithelium ( Figure 5 ) [129] . Altogether, these studies suggest, that during bacterial infection, increased TNFα signalling might exert rather harmful functions in intestinal epithelial cells. Enteropathogenic and enterohemorrhagic E.coli strains (EPEC and EHEC) are known to induce diarrhoea and gastrointestinal disease worldwide especially in children [130] . One model to study the effects of an EHEC/EPEC infection in humans is the murine Citrobacter rodentium infection model. Interestingly, during C. rodentium infection in mice, TNFα is increased in the gut, however the absence of TNFα signalling due to Tnfr knockout in this model did not protect animals from infectious colitis. In contrast, the mice were even more susceptible to infectious colitis [131] , suggesting a rather beneficial function on TNFα signalling during C. rodentium infection. Beside C. rodentium, also Salmonella enterica is a frequent cause of gastrointestinal infections in humans and animals worldwide every year. Salmonella Typhimurium infections lead to development of intestinal inflammation accompanied by diarrhoea, abdominal pain and vomiting [132] . Interestingly, infection of intestinal samples with S. Typhimurium ex vivo induced increased Tnfa gene expression levels. Moreover blocking of TNFα by administration of anti-TNFα antibodies prior to S. Typhimurium infection reduced gastrointestinal pathology, suggesting a rather harmful function of TNFα in the early phase of Salmonella infection [133] . Interestingly, in the more recently described murine model of S. Typhimurium induced colitis after streptomycin treatment, intestinal inflammation was also accompanied by increased levels of TNFα [134, 135] . Another bacterium which is known to cause intestinal inflammation especially after antibiotic treatment is Clostridium difficile. C. difficile induced intestinal pathology ranges from mild diarrhoea to severe colitis [136] . Interestingly, patients suffering from C. difficile infection were characterized by elevated TNFα plasma and serum levels as compared to healthy controls [137, 138] . In a murine model, infection with C. difficile also led to increased Tnfa gene expression in the colon of infected mice [139] . Moreover, murine macrophages were shown to secrete TNFα in response to stimulation with two different C. difficile toxins [140, 141] . Interestingly, in the course of C. difficile infection, enhanced TNFα levels might be beneficial, since treatment of mice with anti-TNFα antibody shortly before C. difficile infection increased the inflammatory response and colonic histopathology [142] .
Beside bacteria, also viruses mediate gastrointestinal pathology. for example Rotavirus is known to induce gastroenteritis worldwide, especially in children younger than 5 years [143] . Rotavirus Enteropathogenic and enterohemorrhagic E.coli strains (EPEC and EHEC) are known to induce diarrhoea and gastrointestinal disease worldwide especially in children [130] . One model to study the effects of an EHEC/EPEC infection in humans is the murine Citrobacter rodentium infection model. Interestingly, during C. rodentium infection in mice, TNFα is increased in the gut, however the absence of TNFα signalling due to Tnfr knockout in this model did not protect animals from infectious colitis. In contrast, the mice were even more susceptible to infectious colitis [131] , suggesting a rather beneficial function on TNFα signalling during C. rodentium infection. Beside C. rodentium, also Salmonella enterica is a frequent cause of gastrointestinal infections in humans and animals worldwide every year. Salmonella Typhimurium infections lead to development of intestinal inflammation accompanied by diarrhoea, abdominal pain and vomiting [132] . Interestingly, infection of intestinal samples with S. Typhimurium ex vivo induced increased Tnfa gene expression levels. Moreover blocking of TNFα by administration of anti-TNFα antibodies prior to S. Typhimurium infection reduced gastrointestinal pathology, suggesting a rather harmful function of TNFα in the early phase of Salmonella infection [133] . Interestingly, in the more recently described murine model of S. Typhimurium induced colitis after streptomycin treatment, intestinal inflammation was also accompanied by increased levels of TNFα [134, 135] . Another bacterium which is known to cause intestinal inflammation especially after antibiotic treatment is Clostridium difficile. C. difficile induced intestinal pathology ranges from mild diarrhoea to severe colitis [136] . Interestingly, patients suffering from C. difficile infection were characterized by elevated TNFα plasma and serum levels as compared to healthy controls [137, 138] . In a murine model, infection with C. difficile also led to increased Tnfa gene expression in the colon of infected mice [139] . Moreover, murine macrophages were shown to secrete TNFα in response to stimulation with two different C. difficile toxins [140, 141] . Interestingly, in the course of C. difficile infection, enhanced TNFα levels might be beneficial, since treatment of mice with anti-TNFα antibody shortly before C. difficile infection increased the inflammatory response and colonic histopathology [142] .
Beside bacteria, also viruses mediate gastrointestinal pathology. for example Rotavirus is known to induce gastroenteritis worldwide, especially in children younger than 5 years [143] . Rotavirus infection was associated with increased TNFα levels in vitro [144] [145] [146] and children suffering from rotavirus induced diarrhoea were characterized by significantly increased TNFα serum levels as compared to healthy controls [147] . Interestingly, exogenous application of TNFα on Rotavirus-infected intestinal epithelial cells in vitro significantly reduced total viral RNA levels. In accordance, gene silencing of TNFR1 in these cells counteracted TNFα-mediated anti-Rotavirus effect [148] , suggesting beneficial functions of TNFα signalling during Rotavirus infection.
As a response to infection, the host might activate cell death programs to limit further pathogen spreading. Many pathogens also evolutionary counteracted this induction of host cell death by expressing apoptosis inhibitors [149, 150] . As it was shown by several studies, blocking of apoptosis especially by viral proteins potentially lead to induction of necroptotic, caspase-independent cell death [150] [151] [152] [153] [154] [155] . In our own study, the impact of TNFR1 signalling to necroptotic cell death induced by bacteria or viruses (mimicked by LPS or viral dsRNA) was investigated. Interestingly only LPS-TLR4-induced necroptotic cell death was mediated by TNFR1-signaling, whereas viral dsRNA-TLR3-induced cell death could not be protected by Tnfr1 knockout [129] , suggesting a crucial role of TNF-signalling for TLR4-mediated bacteria-induced necroptotic cell death. We further suggested, that LPS-TLR4-signaling induced TNFα production in intestinal immune cells, further acting on epithelial cells via TNFR1, whereas dsRNA-TLR3 signalling rather directly mediated cell death in epithelial cells ( Figure 5 ). Being in line, S. Typhimurium infected Casp8 ∆IEC mice were characterized by reduced survival and an exacerbated course of infection as compared to controls and additional knockout of TNFR1 improved survival of infected mice [135] .
Anti-TNFα Treatment Constitutes an Important Therapeutic Approach in IBD
CD and UC represent the major entities of IBD, which are defined as relapsing disorders of the gastrointestinal tract that are pathologically characterized by mucosal inflammation and epithelial damage not due to identifiable pathogens [156] . The clinical course is typically marked by unpredictable and progressive disease flares and clinical remission. Symptoms frequently comprise abdominal pain, chronic diarrhoea, sometimes severe bleeding, anaemia and fatigue. Moreover these systemic diseases are often accompanied by symptomatic extra-intestinal manifestations that can affect the joints, skin, eyes or other organs. These disease symptoms have a major impact on an individual's quality of life and may also lead to various long-term structural complications, such as stenoses, fistulae, abscesses and heightened incidence of colitis-associated neoplasia [157, 158] . There is therefore the urgent need for effective anti-inflammatory treatment in these patients. 20 years ago, the emergence, of monoclonal antibodies targeting TNFα revolutionized the treatment of IBD. The anti-TNFα agents infliximab (chimeric IgG1 monoclonal antibody), adalimumab (fully human IgG1 monoclonal antibody), certolizumab pegol (pegylated humanized Fab' fragment monoclonal antibody) and golimumab (fully human IgG1 monoclonal antibody) have in the meanwhile been licensed for treatment of one or both IBD entities [159] . Furthermore, several biosimilars referencing infliximab or adalimumab have been approved for treatment of IBD patients [160] . The substance class of anti-TNFα agents is currently the most widely used biologic class in IBD therapy and is characterized by a fast onset of action and the ability to induce and maintain clinical response. Nevertheless, only subgroups of treated patients benefit from therapy, as over one-third of treated patients do not have a response following initiation of anti-TNFα therapy (primary non-response) and 30%-50% eventually lose response during the course of therapy (secondary non-response), resulting in exposure to potential side effects and toxicities without durable clinical benefit [159, 161] . These findings highlight the dire clinical need for predictive biomarkers indicating anti-TNFα responsiveness in IBD patients. The precise mechanisms by which anti-TNFα agents convey their therapeutic efficacy in IBD remain rather elusive. As mere neutralization of sTNFα does not sufficiently explain its therapeutic property, recent data have indicated that several other mechanisms are critically involved in their mechanism of action in IBD. These include restoration of epithelial barrier function, Fcγ-receptor-mediated induction of wound healing macrophages, regulation of intestinal cell adhesion molecule expression, induction of antibody-dependent cellular cytotoxicity and complement-dependent cytotoxicity, induction of regulatory T cells, downregulation of mucosal angiogenesis and heightened migration of myofibroblasts [159] . In recent years, substantial amount of data has indicated that binding of TNFα antagonists to mTNFα and induction of mucosal T cell apoptosis are probably the most important factors that mediate the therapeutic efficacy of anti-TNFα therapy. The importance of mTNFα in IBD pathogenesis was demonstrated in experimental colitis models, where intestinal inflammation was induced upon transfer of naïve T-cells in mTNFα RAG2 -/-mice, which had a mutated TNFα that could not be cleaved into sTNFα [162] . Further data also indicated that specific neutralization of mTNFα but not sTNFα, was able to induce remission in T-cell-mediated colitis [163] . Fittingly, overexpression of TNFR2, the corresponding receptor to mTNFα signalling, in T-cells has been shown to aggravate experimental colitis [164] and the absence of TNFR2 attenuated spontaneous development of colitis in T cell receptor α knockout mice [165] .
Several data in recent years have shown that expression of the target molecule in the inflamed tissue may affect response to anti-TNFα therapy in IBD. Our own studies have shown that anti-TNFα agents may bind to mTNFα expressing macrophages, thereby inducing apoptosis in TNFR2 expressing mucosal T cells lacking mTNFα-dependent co-stimulation. The mTNFα/TNFR2 signalling pathway is thus a crucial regulator in mediating resistance to apoptosis in intestinal T cells and may contribute to disease chronicity [166] . Indeed, apoptosis of mucosal T cells upon anti-TNFα therapy could be detected by ex vivo immunohistochemistry [166] and in vivo by molecular imaging in patients with active CD [167] . Apoptosis induction correlated with response to anti-TNFα therapy, whereas there was no evidence for heightened T cell apoptosis in non-responders. Using GMP-conform fluorescent labelled anti-TNFα antibodies for molecular in vivo imaging of mTNFα bearing mucosal cells in 25 CD patients, clinical response to subsequent anti-TNFα treatment could successfully be predicted. Patients with high amounts of mTNFα+ cells showed significantly higher short-term response rates at week 12 (92%) upon anti-TNFα therapy as compared to patients with low amounts of mTNFα+ cells (15%). This clinical response in the former patients was sustained over a follow-up period of one year and was associated with heightened incidence of mucosal healing [168] . Furthermore, other findings have similarly implicated that immune signalling pathways may predict and control responsiveness to anti-TNFα therapy in IBD [169] . This is best exemplified by recent studies where elevated pre-treatment expression of intestinal oncostatin-M [170] in mucosal plasma cells and inflammatory macrophages were associated with failure to anti-TNFα therapy [171] . These findings give hope for a personalized approach in anti-TNFα therapy in IBD. Here, it is equally important to understand the mechanisms underlying resistance to anti-TNFα therapy in IBD. A recent study indicates that the composition of intestinal immune cell infiltrates undergo marked changes under therapeutic pressure, leading to molecular resistance to anti-TNFα therapy in IBD. It was demonstrated that IL-23 derived by macrophages is one of the main drivers that evade anti-TNF-induced T cell apoptosis, leading to the expansion of apoptosis-resistant TNFR2+IL-23R+ T cells, which perpetuate the chronic intestinal inflammation in CD [172] . This IL-23-induced molecular resistance to anti-TNFα therapy in CD patients suggests that targeting IL-23 might be particularly effective in patients who fail anti-TNFα therapy. Indeed, recent studies have shown high response rates in anti-TNFα experienced CD patients using specific IL-23 p19 blockers [173, 174] .
Further understanding of the mechanism of action of anti-TNFα antibodies in IBD and the molecular resistance pathways that lead to non-response to TNFα inhibition will provide rational prediction of response, alternative molecular targets in no-responders and altogether a better therapeutic utilization of this substance class.
Conclusions
Taken together, the proinflammatory cytokine TNFα plays a fundamental role for the maintenance of intestinal homeostasis. It is believed to exert pivotal functions during physiological and pathophysiological conditions in the gut. Regulation of TNFα levels via anti-TNFα treatment is already an important therapeutic option for patients suffering from IBD. However, besides inflammation, several studies implicate a role of TNFα signalling during tumour development and also infectious diseases, therefore anti-TNFα treatment might be a starting point for additional therapeutic strategies to cure intestinal diseases.
Author Contributions: B.R., R.A. and C.B. drafted the manuscript. All authors proofread and approved the final manuscript.
Funding: This research received funding from the DFG projects SFB1181 (C05, A08, C02), SPP1656, the TRR241 (A02, A03, C02, INF), SFB796 (B09), FOR 2886 (A02). Further support was given by the Interdisciplinary Center for Clinical Research (IZKF) of the University Erlangen-Nuremberg (A75). Heisenberg professorship of R.A. was funded by DFG.
Conflicts of Interest:
The authors declare no conflict of interest. 
Abbreviations

